This study aims at understanding the impacts of climate factors on the annual growth variations of oriental beech (Fagus orientalis Lipsky) at the Kheyrud Forest Research Station located in the Caspian forests of northern Iran. To this end, 18 disc samples were randomly taken from altitudes of 1038 to 1152 m above sea level. Tree rings were measured using TSAP-win software and a LINTABII machine. Since false and missing rings are typical in beech trees, skeleton plots were created to enhance crossdating accuracy. Chronologies were observed for a total of 15 samples. Meteorological data for rainfall and air temperature were recorded at the Nowshahr Meteorological Station, located near the study sites. Results showed a significant correlation between mean annual air temperature and radial growth (R D 0.54). Within the growing season, August temperatures reveal a significant correlation with tree ring (R D 0.41) while the highest association was observed in the previous December (R D 0.44) and the least association was found in February (R D 0.31). Excluding March (R D 0.33), there appeared to be no significant correlation between precipitation accumulated during and prior to the growing season and tree ring. In addition to oriental beech, there are many other species important to this region that may be sensitive to increasing temperatures.
Introduction
Climate change is considered one of the greatest environmental, social, and economic challenges in the world today. Maximum warming by the middle of the twenty-first century is predicted to increase by 1.5 C and global maximum temperatures are expected to be 1.5 C warmer in comparison to pre-industrial levels (Schewe et al. 2011) . Although there is some uncertainty about the mechanisms and impacts of climate change, many predict summers to be warmer and drier while winters are likely to be warmer and wetter (Mote 2003) .
The impact of climate change on forest tree growth has been extensively studied using tree rings (Girardin et al. 2008; Lapointe-Garant et al. 2010; Chen et al. 2011) . Dendrochronology is a method of analyzing annual growth rings and using tree rings for dating purposes. Dendrochronology is also often used to date historical variations in climate and explore ecosystem responses to climate variability (Garc ıa-Su arez et al. 2009 ). Tree ring analysis is suitable for assessing and predicting the effects of climate change (Henry and Houerou 1996; Meko 1997; Touchan and Hughes 1999) .
The Caspian forests of northern Iran are temperate deciduous forests. Tree growth in these forests is widely affected by global climate change (Oladi and Pourtahmasi 2012) . Understanding the impact of climate change to natural broadleaf forests, such as the Caspian forests, will aid in identifying future changes in forest biomass and developing plans and strategies for viable forest management (Marvi Mohadjer 2012) .
Oriental beech (Fagus orientalis Lipsky) is the most dominant tree species in the Caspian forests (Marvi Mohadjer 2012) . Beech is characterized by high shade tolerances and is able to grow and regenerate below a closed canopy. It develops a deep root system which offers a competitive advantage given certain environmental conditions such as aerated soils. The width of a tree ring can be affected by a variety of factors, some of which include the unique location of a tree, tree age, management, and other abiotic factors such as temperature, precipitation, and light availability (Garc ıa-Su arez et al. 2009 ). Climate is a driving factor in the formation of annual tree rings. Projected changes in temperature due to climate change will prolong the growing season and affect annual growth rings. Hoshino et al. (2008) showed that the optimal radial growth of Japanese beech (Fagus crenata) may largely depend on warm summers with above-average temperatures. Dittmar et al. (2003) also found that changes in precipitation and temperature influenced beech (Fagus silvatica L.) growth in forests of Germany. Kose and Guner (2012) suggest that high temperatures had a positive growth impact during the period of March to July and did not cause a drought problem in the forests of Turkey.
Considering the above-mentioned studies, the main objectives of the present study are to: (i) investigate if increased temperature affects the growth of oriental beech trees; and (ii) identify the most important climatic factors influencing radial growth of this species. Indeed, research on the climatic effects on tree rings using dendrochronology is relatively scarce in Iran. This study is the first of its kind in which the effect of 50 years of climatological parameters on F. orientalis are employed to accomplish a dendrochronological study.
Materials and methods

Study area
This study was conducted in the Forest Research Station of Tehran located in the Caspian mountain forests of northern Iran (Figure 1 ). The study sites were placed along an altitudinal gradient from 1038 to 1152 m above sea level (a.s.l.) in the north-facing slopes in forest stands dominated by oriental beech. Deciduous forest stands at all three sites were dominated by oriental beech, but also present were Carpinus betulus, Ulmus glabra, Acer velutinum, and Alnus subcordata in a flat area.
Fifty years of meteorological records (1961 to 2010), measured by the meteorological station nearest to the study area (Nowshahr Meteorological Station; 36 39 0 N, 51 30 0 E; 23 m a.s.l, 4 km from the study area), show the mean annual precipitation as 1295 mm with the minimum in July including at least 1 month as dry period; the mean annual temperature was measured as 17 C with the minimum in February (Figure 2) . The area possesses a range of temperature including humid to subtropical climate; mild, wet winters and hot, humid summers (Oladi and Pourtahmasi 2012) . Using the De Martonne aridity index classification (I DM : 44), the Caspian forests of northern Iran are described as having a vastly humid climate. The summer, specifically in July, is typically the driest season.
Despite the differences in altitude between the meteorological station and the study sites, we used this dataset for linear correlation analyses assuming a linear temperature lapse rate along the altitudinal gradient. This method is supported by the study of B€ ohm et al. (2001) who showed that in mountainous regions with complex topography, such as the European Alps, temperatures are highly correlated over short horizontal distances.
Sampling, lab work and data acquisition
Eighteen disc samples were taken from beech trees with diameters of 40 to 60 cm (Table 1 ). All samples were found in nearly flat areas in the north-facing slopes because slope areas may be susceptible to the formation of reaction wood (Oladi and Pourtahmasi 2012) . Also, all trees experienced similar climatic conditions to ensure sample trees possess similar tree-ring patterns (Fritts 1976) .
Discs were firstly smoothed with 120, 600 grade sandpapers and completed with razor blades to make tree rings distinctly visible (Pourtahmasi et al. 2011) . The ring widths (RW) were measured to the nearest 0.01 mm with a LINTA-BII measuring machine connected to TSAP-win software (Rinntech®, Heidelberg, Germany) (Oladi and Pourtahmasi 2012) . False and missing rings are quite typical in beech trees and provide complications when crossdating. Therefore, skeleton plots were created using narrow years as signature years (Yamaguchi 1991) for all 18 discs ( Figure 3) .
False rings were re-examined and the dating corrected. Cambial activity around the stem circumference may differ at short tangential distances (Van Der Werf et al. 2007) and growth occurs at different rates around the circumference of a tree stem (Ogata et al. 2002; C ufar et al. 2008) . As a result, even within the same disc, the width of a tree ring may not be identical at different positions around the disc. Hence, RW was averaged between two samples taken from opposite sides of the disc.
Step standardization was then conducted in order to extract the high frequency signal for tree RW measurements (Rossi et al. 2003; Oladi and Pourtahmasi 2012) . This process removes the non-climatic trends, such as the age-size related trends, and the effects of stand dynamics (Fritts 1976) .
Step standardization was used to calculate the mean ring width of trees. Eventually, analysis was conducted for 15 discs with the best crossdating to investigate the relationship between tree ring chronology and climatic conditions of temperature and precipitation.
Data analysis
RW of oriental beech ranged from 0.63 mm to 6.31 mm (Table 2) . Statistical descriptors such as the coefficient of variance (CV; used to compare the spread of means and standard deviations), correlation coefficients, and (Rbt; used for correlation between the time series of trees) were calculated (Fritts 1976) .
Standard chronologies were obtained for meteorological parameters by calculating bi-weight robust means of the individual time-series (Cook and Peters 1997) . The influence of climate on RW variables was quantified by calculating Pearson's correlation coefficient between monthly mean, maximum and minimum temperatures, and monthly accumulated precipitation for a 13 month window from the preceding October until the current October for the study period from 1961 to 2010. Finally, seasonal winter (January, February, March), spring (April, May, June), summer (July, August, September), and fall (October, November, December) averages of temperature and rainfall were calculated and verified for their correlation with standard chronologies. Monthly climatic factors before and during the growth season affected annual growth; hence, we used climatic factors for 13 month periods. Each period consisted of the 7 months of the growing season (March to September) as well as the pregrowing season. For this study, the pre-growing season consisted of the 6 months prior to the growing season (October to December of the previous year and January to February of the same year).
To determine the effect of climate change on tree growth, a standardized chronology related to the mean chronology of the 15 discs of oriental beech trees was drawn (Figure 4) . The mean chronology represents the overall trend of tree growth for the past 50 years.
Results
CV for RW varied from 25.10% to 48.09%. RW series of the 15 individual trees were correlated (Rbt, min: 0.31, max: 0.51). Statistical parameters of RW variables are shown in Table 2 . For all other calculations, standardized time-series of RW were used to be more concise.
Relation between monthly and seasonal climatic factors and oriental beech tree ring width Figure 5a shows the relation between monthly climatic factors and RW of standard chronology. Since neither the maximum nor the minimum temperatures showed any significant correlation with RW, these associations are not shown in Figure 5 . Temperatures prior and during the growing season were the most important factors determining oriental beech secondary growth ( Figure 5 ). These results suggest that, during the growing and pre-growing seasons, mean temperature is the main climatic factor (Figure 5a ) and is significantly Figure 3 . Sequences of narrow tree rings of oriental beech. Mean temperatures during all seasons, significantly, showed positive correlations with RW (Figure 5b ). Temperature was considerably correlated with RW even in the fall (R D 0.28) and winter (R D 0.31) months. Conversely, rainfall had no meaningful correlation with RW during the different seasons of the year. During the growing season and pre-growing season, temperature showed good correlations with RW (Figure 5b ), but the correlation was stronger during the growing season (R D 0.48) in comparison to the pregrowing season (R D 0.36). In contrast, rainfall during the growing season and pre-growing season had no suggestive correlation with RW.
We found an increasing trend of temperature from 1961 to 2010 (Figure 6a) . However, there is no significant relationship between long-term rainfall (Figure 6b ) and the oriental beech tree rings between 1961 and 2010. Along with the trend of increasing temperature, statistical analysis showed a trend of increasing RW for oriental beech during the same time span (Figure 6c) . The results indicate that the trend of long-term temperature increases in the study area have had a positive growth effect on beech RW over the last 50 years (Figure 7 ).
Discussion
The effects of rainfall on tree growth in tropical climates have been widely investigated; however, research focusing on the impacts of temperature on tree growth in temperate climates is relatively scarce (Pumnijumong and Wanyaphet 2006) . Dittmar and Elling (2007) suggested that European beech growth in the mountainous forests of the northern Alps is mostly affected by temperature. Beech tree growth in temperate regions, such as the Caspian forest region, is also predominantly controlled by temperature.
Tree growth in temperate climates has showed a positive response to recent climatic warming (Salzer et al. 2009 ). Within the 1961À2010 period, our study site in the Caspian forests experienced steady rainfall patterns and a trend of increasing temperatures. Subsequently, this situation has provided suitable circumstances for more vigorous oriental beech growth.
Excluding the month of March, our study indicates that rainfall has no significant association with RW of beech trees. However, some research suggests that trees do need high quantities of water at the beginning of the growing season (Marvi Mohadjer 2012). Research by Tardif and Conciatori (2006) confirmed that moisture availability in the early growing season is necessary for the radial growth. Balapour et al. (2010) also found that monthly rainfall in March influenced the growth of oriental beech trees in western Caspian forests. Therefore, humidity and temperature at the beginning of the growing season are critical factors for the growth of trees (Skomarkova et al. 2006 ). We found a linear correlation between temperature and RW.
Temperature in the month of August is highly correlated with RW. Increasing temperatures may accelerate the conversion of starch storage to sucrose, which is used in the process of cell production (Oribe et al. 2003 ) resulting in faster growing rates (Oladi and Pourtahmasi 2012) . Another parameter is the accelerated rate of photosynthesis. However, aboveaverage temperatures and unusually dry conditions near the end of the growing season may increase respiration and reduce the amount of carbon compounds available for wood formation in the subsequent spring (Fonti and Garc ıa-Gonz alez 2004) . In one study, Hoch et al. (2003) did not reveal a shortage of non-structural carbohydrates in mature temperate forest trees throughout the growing season, even during years of extensive fruit production.
Mote (2003) and Butler et al. (1998) agree that global warming often results in warmer, wetter winters. GeaIzquierdo et al. (2011) reported that forest stands in colder locations do not show negative growth trends and may benefit from increases in winter temperatures. This situation likely causes a longer growing period due to sufficient water availability and more ideal temperatures (Lo et al. 2010) .
During the past 50 years, longer growing periods beginning in March and ending in September, have resulted in FOREST SCIENCE AND TECHNOLOGYtrends of increasing radial tree growth (Sadeghpour 2012) . Above 1000 m a.s.l., growth is limited by cooler temperatures and shorter vegetation periods (Dittmar and Elling 2007) . Even in drier and warmer years, there was no apparent decrease in growth due to water deficiencies (Dittmar and Elling 2007) . Dittmar et al. (2003) concluded that growth has increased since the 1950s in beech forests of Germany and central Europe. These trends can be illustrated through examples of other species during warm and cold periods or in warm and cold regions. From the 1000s to the 1500s in southern Russia, increases in temperature resulted in substantial growth of Turkestan juniper (Juniperus turkestanica) (Kotlyakov et al. 1991) ; in contrast, from the 700s to the 800s, a decrease in temperature resulted in stunted tree growth of Turkestan juniper. Drobyshev et al. (2010) reported a positive correlation between growth and average temperatures of the preceding October, which extends the period of physiological activity at the end of the growing season. High temperatures in December and February, before the start of the growing season, likely provide the required temperature for the beginning of the growing season (Skomarkova et al. 2006; Oladi and Pourtahmasi 2012) . The growth of oriental beech in the Caspian forests is mainly influenced by summer and autumn temperatures of the preceding year. Moreover, wider tree rings are formed during years with above-average temperatures during the growing season (Dittmar and Elling 2007) . Garcı a-Su arez et al. (2009) revealed that mean maximum temperature from August to October of the ongoing year provides a positive relationship with radial growth. RW chronology shows significant positive correlations with mean summer temperatures from June to August (Liang and Shao 2009) .
One study suggests that recent changes in the global climate have a positive effect on beech tree growth in Japan (Hoshino et al. 2008 ). This agrees with our results is in the trend of long-term temperature increases which have had the same effects.
Increases in temperatures within the past 50 years have resulted in faster growth and wider tree rings. Despite temperature increases in 1971, 1979, 2000, and 2008 , beech tree growth decreased in the following growing season due to other critical factors (Figure 7 ). For instance, beech tree growth in seeding years that occur periodically in beech forests has resulted in slower growth during the subsequent year (Drobyshev et al. 2010) . Also, the microclimate or stand dynamics can be as important for tree growth as 
Conclusions
Our study considered the growth of oriental beech in the central part of its distribution in the Caspian forests. However, more research is needed to observe the response of beech tree growth to changing climates within its full ecological range from the eastern to western regions of the Caspian forests. To achieve this, climate information from higher elevations of the Caspian forests are needed to derive better estimates of local temperature and humidity conditions in the mountainous areas of the Caspian forests. This information is also essential to develop reliable models for predicting growth of oriental beech under changing climatic conditions. Despite some positive results from the present study, this project did have some limitations and challenges. Increasing the range of this study as well as the number of trees sampled will give a more comprehensive understanding about the relationship between climate change and oriental beech growth. Also, the inclusion of meteorological data obtained from a station near each beech tree would have provided a more accurate idea of the growing conditions at each study site. Future studies may be able to address some of these drawbacks and also provide a better understanding of how temperature increases and other climatic changes impact the growth of other species in the Caspian forests. To conclude, tree growth in temperate climates shows a positive response to recent climatic warming, and air temperature is a key parameter affecting the growth of beech trees.
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